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Abstract — All-buried  InP-InGaAsP  ring  resonators  laterally 
coupled  to  bus  waveguides  are  demonstrated.  The  buried  con¬ 
figurations  offer  a  lower  built-in  refractive  index  step  along  the 
resonator  periphery,  which  affords  enhanced  optical  coupling 
coefficients  between  the  waveguides  and  reduced  scattering  losses 
caused  by  the  resonator  sidewall  imperfections.  Very  low  optical 
intensity  attenuations  of  0.4  cm-1  and  coupling-limited  quality 
factors  of  greater  than  105  are  observed  from  200-/xm-radii 
ring  resonators.  The  measured  spectral  linewidth  is  as  narrow  as 
0.0145  nm. 

Index  Terms — Buried  heterostructure,  epitaxial  regrowth, 
quality  ( Q )  factors,  ring  resonator. 

I.  Introduction 

BUS-COUPLED  optical  microring  resonators  are  versa¬ 
tile  components  for  wavelength  filtering,  multiplexing, 
switching,  and  modulating  in  photonic  integrated  circuits  [1]. 
In  these  applications,  the  bandwidth  of  the  resonator  must  be 
matched  to  the  signal  source  to  minimize  signal  distortion. 
There  are  other  applications  such  as  optical  signal  processing, 
spectroscopy,  and  laser  cavity  stabilization  in  which  very 
narrow  linewidths  are  required  [2].  Achieving  narrow  linewidth 
filters  in  resonators  fabricated  from  high  index  materials,  such 
as  semiconductors,  has  been  problematic  owing  to  the  strength 
of  surface  scattering  loss  ascat  for  whispering  gallery  modes 
(WGMs).  These  losses  along  with  free  carrier  losses  afc  and 
waveguide  coupling  (characterized  by  the  coupling  coefficient 
k)  have  limited  the  Q  of  semiconductor  WGM  resonators  to 
less  than  2.0  Xl04. 

In  this  letter,  we  present  a  technology  to  realize  very  high 
Qs  in  semiconductor  ring  resonators  laterally  coupled  to 
input-output  (I/O)  bus  waveguides.  For  laterally  coupled  de¬ 
signs,  air-guided  rib  type  waveguides  have  been  widely  used 
where  the  air  cladding  affords  strong  mode  confinement  in  the 
lateral  direction  to  avoid  radiative  bending  losses  (abend)  in 
small-radii  rings.  Since  the  scattering  loss  ascat  is  proportional 
to  An2  =  nj,g  —  n21?  where  n^g  and  nc\  are  the  refractive 
indexes  of  the  waveguide  core  and  the  cladding  materials, 
respectively  [3],  reduction  of  An2  will  reduce  the  scattering 
loss,  oiscat’s  of  5-30  cm-1  have  been  reported  from  small 
radius  air-guided  semiconductor  ring  add-drop  filters  [41 . 
Besides  a!Scat>  the  strong  lateral  mode  confinement  makes  it 
difficult  to  attain  controllable  evanescent  mode  coupling  to 
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Fig.  1 .  Schematic  drawing  of  an  all-buried  laterally  coupled  ring  resonator. 

adjacent  waveguides.  Typically,  submicrometer  (<0.2  fim) 
lateral  separations  must  be  defined  for  acceptable  «’s  between 
the  resonator  and  the  I/O  bus  waveguides,  which  is  difficult  to 
achieve  controllably  in  thick  waveguide  structures. 

To  counter  these  difficulties,  we  propose  all-buried  het¬ 
erostructure  resonators  (Fig.  1)  in  which  the  InGaAsP 
( n  =  3.361)  ring  and  bus  waveguides  are  completely  buried 
with  InP  (n  =  3.168).  The  all-buried  structure  offers  relatively 
weak  lateral  mode  confinement  that  brings  several  benefits  in 
bus-coupled  microresonators.  First,  enhanced  and  controllable 

s  are  available  through  a  high-index  coupling  medium.  The 
physical  separations  between  the  resonator  and  the  bus  waveg¬ 
uides  d  in  buried  structures  can  be  several  times  wider  than 
those  in  air-guided  devices  for  reasonable  aj’s  and  are  realiz¬ 
able  without  using  e-beam  lithography.  Second,  considerably 
reduced  ascat  is  expected  from  the  buried  waveguides  due  to 
the  lowered  index  step.  Using  the  buried  configurations,  we  can 
realize  low-loss  microresonators  and  consequently  achieve  very 
high  Qs  that  are  controlled  and  limited  by  k’s.  However,  the  re¬ 
duced  index  step  built  into  buried  circular  microresonators  will 
result  in  significant  abend  unless  the  radius  of  the  resonator  is 
made  large  enough  [5].  We  designed  200-/im  radius  all-buried 
heterostructure  rings  to  minimize  abend  as  weh  as  ascat-  The 
technology  used  here  enables  us  to  investigate  high-Q  resonant 
characteristics  in  a  coupling-limited  regime. 

II.  Design  and  Experiment 

Using  a  full-vectorial  mode  solver,  we  calculate  abend  f°r  the 
given  material  systems  to  determine  the  appropriate  dimensions 
of  rings.  The  ring  used  for  this  calculation  has  0.9  x  0.4  fim2 
cross-sectional  area  with  the  material  indexes  given  in  Table  I. 
The  calculation  predicts  that  the  ring  radius  ( R )  must  be  larger 
than  80  fim  to  maintain  abend  <  1  cm-1  and  R  =  200  fim 
ensures  abend  <0.1  cm-1.  It  is  more  difficult  to  assess  ascat, 
since  the  numerical  evaluation  of  sidewall  roughness  is  not 
straightforward.  Assuming  ±50-nm  periodic  corrugations  on 
the  sidewalls  and  employing  an  index  perturbation  model  [3], 
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TABLE  I 

Design  Parameters  for  the  Buried  Microrings  and  the  Calculated 
Radiative  Bending  (abend)  and  Scattering  (ascat)  Losses. 
Parameters  r,  nwg,  ncl,  neff ,  are  the  Ring  Radius,  the  Refractive 
Indexes  of  the  Waveguide  Core  and  the  Cladding  Materials,  and  the 
Effective  Index  of  the  Ring  Resonator,  Respectively,  for 
Transverse  Electric-Polarization.  The  Ring  has  0.9  x  0.4  /tm2 
Cross-Sectional  Area,  and  ±50-nm  Corrugations  are  Assumed  for 
the  Sidewall  Roughness 


/•[pm] 

nci 

n«ff 

aw  [cm'1] 
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Fig.  2.  Calculated  and  optical  power  coupling  coefficients  (k’s)  versus  the 
lateral  separation  (d)  between  the  microring  and  the  straight  bus  waveguide. 
Different  lateral  claddings  are  used  for  the  data:  air  (n  =  1,  closed  triangles) 
and  InP  (n  =  3.168,  closed  circles),  respectively.  The  experimental  results 
(open  circles)  for  d.  =  0.7,  0.95,  and  1.6  //m  are  also  shown  along  with  the 
calculated  data,  which  proves  the  accuracy  of  the  theoretical  computation. 

we  have  <Yscat  <0.1  cm-1  for  the  given  configurations.  The 
overall  design  parameters  are  summarized  in  Table  I. 

Once  the  materials  and  physical  dimensions  of  a  ring  res¬ 
onator  are  chosen,  the  effective  modal  index  (rieff)  and  the  Ac’s 
between  the  ring  and  the  bus  waveguides  can  be  computed.  First, 
the  effective  index  approximation  is  combined  with  a  conformal 
transformation  [7]  to  calculate  the  neff’s  of  the  ring  and  the 
buried  bus  waveguides.  Then,  the  modal  field  distribution  in 
the  ring  and  the  bus  waveguides  are  computed  by  a  finite  dif¬ 
ference  method,  from  which  local  coupling  coefficients  can  be 
calculated  by  solving  the  overlap  integral  of  the  fields  and  the 
effective  index  distribution.  Finally,  the  overall  k  is  calculated 
by  integrating  the  coupled-mode  equations  with  respect  to  the 
propagation  distance  in  the  bus  waveguides.  The  details  can  be 
found  in  [8].  Fig.  2  is  instructive,  comparing  the  calculated  Ac’s 
versus  the  lateral  separations  id’ s)  between  the  ring  and  the  bus 
waveguides  in  air-guided  and  buried  microresonators.  Here,  a 
200-/xm-radius  ring  resonator  having  0.9  x  0.4  /an2  cross-sec¬ 
tional  area  is  laterally  coupled  to  a  0.8  X  0.4  /xm2  single-mode 
bus  waveguide.  The  material  index  of  the  waveguide  cores  is 
3.361  at  A  =  1550  nm.  Note  that  several  times  higher  ac’s  are 
available  for  a  given  separation  when  the  resonators  are  buried 
with  InP.  In  this  experiment,  we  have  d  vary  from  0.7  to  1 .6  /xm 
to  obtain  a  variation  of  ac  from  10%  to  0.5%,  respectively. 

To  initiate  the  process,  a  0.4-/xm-thick  InGaAsP  (Awg  = 
1.25  /xm)  waveguide  layer  is  grown  on  an  (001)  oriented  InP 
substrate  by  metal-organic  chemical  vapor  deposition  and 
covered  by  a  0.1-/xm-thick  SiNx  layer  deposited  as  a  masking 
layer.  Ring  and  I/O  bus  patterns  are  defined  and  etched  into  this 
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Fig.  3.  (a)  Scanning-electron  microscopic  (SEM)  image  of  a  dry-etched  ring 
resonator  mesa,  (b)  SEM  cross-sectional  view  of  a  buried  waveguide. 

layer,  using  contact  photolithography  and  CH4-based  reactive 
ion  etching  [9].  The  straight  bus  lines  are  aligned  parallel  to 
the  [110]  direction.  The  resultant  mesas  are  0. 8-0.9  /xm  wide, 
having  smooth  and  vertical  sidewalls  as  shown  in  Fig.  3(a).  The 
slope  of  typical  mesa  profiles  is  88°.  The  polymers  generated 
on  the  sidewalls  during  the  dry-etching  process  are  cleaned  by 
an  oxygen  plasma  treatment  and  the  SiN^  mask  is  removed  by 
buffered  oxide  etchant.  Finally,  a  1 .5-/xm-thick  InP  layer  is  over¬ 
grown  on  the  waveguide  mesas  to  produce  buried  heterostructure 
microresonators.  No  voids  or  visible  growth  defects  along  the 
waveguide  mesas  are  visible,  as  shown  in  Fig.  3(b).  The  wafer  is 
mechanically  thinned  and  cleaved  for  measurements,  followed 
by  antireflection  (AR)  coatings  on  the  cleaved  facets. 

III.  Results  and  Discussions 

The  optical  transmission  spectra  are  measured  from  straight 
unloaded  (i.e.,  not  coupled  to  a  resonator)  bus  waveguides  be¬ 
fore  the  cleaved  facets  are  AR-coated.  The  optical  intensity  at¬ 
tenuation  oibus  can  be  estimated  by  examining  the  fringe  oscil¬ 
lations  of  the  Fabry-Perot  resonant  characteristics  [10].  Typi¬ 
cally,  low  G:bus’s  of  0.2-0.3  cm-1  are  obtained  from  the  buried 
straight  bus  waveguides.  The  origin  of  the  optical  losses  ob¬ 
served  in  the  buried  straight  waveguides  is  not  clearly  identi¬ 
fied  yet.  The  residual  material  losses  in  the  nominally  undoped 
waveguide  and  scattering  losses  may  both  contribute  to  the  mea¬ 
sured  losses. 

The  optical  resonant  transmission  spectra  of  the  buried  rings 
are  then  measured  by  coupling  an  external  tunable  laser  into  the 
AR-coated  bus  waveguide  facet  and  collecting  the  transmitted 
signal  at  the  other  end  of  the  bus  line.  Using  the  coupling  of 
modes  in  time  (CMT)  formalism  [1],  the  normalized  transmis¬ 
sion  spectrum  can  be  described  as 

_  3  (%f  +  tr)  +  i  (Q£  +  ^couple-out  -  Qn Lple-in) 

•?  (^T  +  ^r)  +  i  (QVols  +  ^couple-out  +  ^5 couple-in) 

(1) 


2268 


1554.0  1554.1  1554.2  1554.0  1554.1  1554.2 


Wavelength  [nm] 


1556.2  1556.3  1556.4  1556.2  1556.3  1556.4 

Wavelength  [nm] 

Fig.  4.  Calculated  (left)  and  the  measured  (right)  transmission  spectra  of 
200-^tm-radii  buried  ring  resonators.  The  spectral  resolution  is  0.0024  nm. 
(a)  Type  1  and  (b)  Type  2. 

where  Ao;  is  the  detuning  from  the  resonance  and  An  accounts 
for  the  change  of  resonance  caused  by  the  change  of  the  refrac¬ 
tive  index  (terms  of  the  An2  order  are  neglected).  The  associ¬ 
ated  Qs  are  defined  as  follows: 

n  _  *«nn  _ 

loss  w0tph  £rt  i  _  exp[— 27rra] 

_  47 r2rneff  n  _  47r2rneff 

couple-in  —  \  i  couple-out  —  >  •  \^) 

Ao^in  ^o^out 

Here,  ot,  kou±,  Qioss?  Q  couple- in  >  and  Q couple-out,  represent 
the  optical  intensity  attenuation,  I/O  power  coupling  coeffi¬ 
cients,  the  Q  factors  associated  with  the  loss,  and  the  coupling 
coefficients,  respectively.  Note  that  Lrt  =  1  —  exp[— 27rra] 
corresponds  to  the  optical  round-trip  loss  in  the  ring  resonator. 

Fig.  4(a)  and  (b)  shows  the  measured  and  calculated  trans¬ 
mission  spectra  |T|2  for  two  different  types  of  rings.  Type  1 
has  identical  d’ s  for  the  I/O  bus  waveguides  for  symmetric  cou¬ 
plings,  and  Type  2  is  designed  to  be  asymmetric.  Equations  (1) 
and  (2)  are  used  for  the  data  fitting  processes.  Table  II  sum¬ 
marizes  the  experimental  device  parameters  for  Types  1  and  2, 
where  we  find  that  the  estimated  «’s  and  a’s  are  quite  consistent 
with  the  calculated  values  and  the  «bus  measured  from  straight 
bus  waveguides,  respectively.  The  experimental  results  of  Ac’s 
for  d  =  0.7, 0.95,  and  1.6  pm  are  shown  along  with  the  calcu¬ 
lated  data  in  Fig.  2.  Qs  as  high  as  1.3  X  105  are  observed  in 
these  devices.  Slightly  higher  Qs  are  observed  from  the  sym¬ 
metric  design  due  to  the  lower  overall  Ac’s,  while  superior  ex¬ 
tinctions  are  obtained  from  the  asymmetric  device  because  of 
the  closer  match  to  the  critical  coupling  condition.  Note  that 
the  Q  of  Type  2  resonator  is  actually  limited  by  the  QCOuple-in- 
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TABLE  II 

Experimental  Data  Derived  From  CMTs  for  the  Buried  Microrings 

IN  FIG.  4.  HERE,  OL,  /C;n,  AC0ut I  Qloss>  Q  couple-in  >  AND  Qcouple-out 

Represent  the  Optical  Intensity  Attenuation,  I/O  Power  Coupling 
Coefficients,  the  Q  Factor  Associated  With  the  Loss,  and  the  Q 
Factors  Associated  With  the  I/O  Power  Coupling  Coefficients, 
Respectively.  Row  E  >  0(E  <  0)  Means  That  the  Resonator 
is  Over-Coupled  (Under-Coupled) 


Parameters 

Type  1 
(Symmetric) 

Type  2 
(Asymmetric) 

A 

din  /  dou,  [pm] 

0.95  /  0.95 

0.70/  1.60 

B 

K\nf  KOUf  [%] 

4.0/ 4.0 

9.5/ 0.4 

C 

a  [cm'1] 

0.4 

0.4 

D 

Lrt=  1  -  exp(-2^r)  [%] 

4.9 

4.9 

E 

Km-(K<mt+  Lrt) 

-4.9 

+4.2 

F 

Q couple-in  /  Q couple-out 

400000  /  400000 

170000/4000000 

G 

Qhss 

330000 

330000 

H 

Q 

113000 

107000 

The  measured  spectral  linewidths  (AAs)  of  Types  1  and  2  are 
0.0137  and  0.0145  nm,  respectively.  The  measured  free  spectral 
ranges  (FSRs)  are  approximately  0.54  nm  for  each  type  of  de¬ 
vice,  which  indicates  finesse  ( F  =  FSR/AA)  values  of  37-39. 

In  conclusion,  all-buried  InP-InGaAsP  ring  resonators  later¬ 
ally  coupled  to  bus  waveguides  are  demonstrated.  The  suggested 
technology  allows  us  to  investigate  optical  resonant  characteris¬ 
tics  in  a  coupling-limited  regime  with  Qs  of  105  or  higher.  These 
high-Q  resonators  may  also  be  suitable  for  optical  signal  pro¬ 
cessing,  chip  scale  spectrometers,  and  narrow  linewidth  lasers. 
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